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The optimal formulation for the preparation of amaranth ﬂour ﬁlms plasticized with glycerol and sorbitol
was obtained by a multi-response analysis. The optimization aimed to achieve ﬁlms with higher resis-
tance to break, moderate elongation and lower solubility in water. The inﬂuence of plasticizer concen-
tration (Cg, glycerol or Cs, sorbitol) and process temperature (Tp) on the mechanical properties and
solubility of the amaranth ﬂour ﬁlms was initially studied by response surface methodology (RSM). The
optimized conditions obtained were Cg 20.02 g glycerol/100 g ﬂour and Tp 75 C, and Cs 29.6 g sorbitol/
100 g ﬂour and Tp 75 C. Characterization of the ﬁlms prepared with these formulations revealed that the
optimization methodology employed in this work was satisfactory. Sorbitol was the most suitable
plasticizer. It furnished amaranth ﬂour ﬁlms that were more resistant to break and less permeable to
oxygen, due to its greater miscibility with the biopolymers present in the ﬂour and its lower afﬁnity for
water.
 2011 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
In the search for environmentally friendly materials that can be
used as food packaging, edible ﬁlms made from biopolymers such
as polysaccharides and proteins have emerged as an alternative.
However, degradation is not the only desirable characteristic of
a food packaging material, which should also meet other require-
ments, such as mechanical strength, ﬂexibility, and permeability to
water vapor and gases, in order to ensure food preservation.
Protein ﬁlms are effective lipid, oxygen, and aroma barriers at
low relative humidity (RH) conditions (Bamdad, Goli, & Kadivar,
2006), but they are considered unsatisfactory barriers to water
vapor because of the presence of hydrophilic groups in their
molecular structure (Mokrejs et al., 2009). On the other hand,
starch ﬁlms exhibit good oxygen barrier properties, andmoderately
tensile strength, not tomention the fact that they becomemarkedly
brittle at low moisture (Forsell, Lahtinen, Lahelin, & Myllärinen,
2002; Talja, Helén, Roos, & Jouppila, 2007). The hydrophilic char-
acter of starch ﬁlms makes them very sensitive to moisture, thus
limiting their use as food packaging material.
In order to increase the mechanical strength of protein and
starch ﬁlms and improve their barrier properties, some authors: þ55 16 36332660.
cido).
lsevier OA license.have developed blends of these polymers (Coughlan, Shaw, Kerry, &
Kerry, 2004; Jagannath, Nanjappa, Das Gupta, & Bawa, 2003).
However, the hydrophilicity of these ﬁlms remained high, so other
authors have added lipid to the compositions, so as to enhance their
barrier properties with respect to water vapor (Colla, Sobral, &
Menegalli, 2006; García, Martino, & Zaritzky, 2000; Gontard,
Duchez, Cuq, & Guilbert, 1994). To produce such ﬁlms, researchers
have usually employed commercial biopolymers and lipids, which
are then mixed during ﬁlm processing. The results are not always
favorable due to the thermodynamic incompatibility of biopoly-
mers, which may also cause phase separation (Grinberg &
Tolstoguzov, 1997). To overcome this problem, natural mixtures of
starch, protein and lipids, which can be obtained in the form of
ﬂour from raw materials of plant origin such as cereals and
legumes, have been employed. An important raw material for
production of this ﬂour is the amaranth grain, which has signiﬁcant
starch, protein and lipid contents, as conﬁrmed in our previous
studies (Tapia-Blácido, Mauri, Menegalli, Sobral, & Añón, 2007;
Tapia-Blácido, Sobral, & Menegalli, 2005; Tapia-Blácido, Sobral, &
Menegalli, 2010).
The amaranth ﬂour from the species Amaranthus caudatus has
good ﬁlm forming ability, thereby yielding ﬁlms with excellent
barrier properties with respect to water vapor, moderate solubility,
and high ﬂexibility (Tapia-Blácido et al., 2005). These properties
result from the balance between the concentration of biopolymers
D.R. Tapia-Blácido et al. / LWT - Food Science and Technology 44 (2011) 1731e17381732and lipids and their natural interaction in the ﬂour, which prevents
phase separation (Tapia-Blácido et al., 2007).
In this work, the amaranth ﬂour from the species Amaranthus
cruentus BRS Alegria, the ﬁrst cultivar recommended by Embrapa
for the soil of the Brazilian scrubland, was investigated. This species
was chosen due to the differences in its chemical composition and
thermal and rheological properties, compared to the species
A. caudatus (Tapia-Blácido et al., 2010). In this context, this study
aimed to determine the optimal formulation of this amaranth ﬂour
ﬁlm by using response surface methodology and a multi-response
analysis, in order to obtain ﬁlms with low solubility, moderate
elongation, and larger resistance to break. The effect of glycerol and
sorbitol as plasticizer on the properties of the amaranth ﬂour ﬁlm
was also studied.
2. Materials and methods
2.1. Materials
The amaranth ﬂour was obtained from the amaranth seeds by
means of the alkaline wet milling method of Perez, Bahnassey, and
Breene (1993) with some modiﬁcations (Tapia-Blácido et al., 2010).
The seeds of A. Cruentus BRS Alegria were grown in the state of
Santa Catarina (Brazil) at 19e22 C and soil with pH 5.5. Glycerol
and sorbitol were purchased from Synth (São Paulo, Brazil).
2.2. Chemical analyses of amaranth ﬂour
The moisture, crude protein, ash, and lipid contents of the
amaranth ﬂour were analyzed according to standard AOAC
methods (AOAC, 1997), and the starch content was determined
according to the method of Diemair (1963). The crude protein
content was obtained by using a conversion factor of 5.85. The
amylose content was determined using the colorimetric method of
Juliano (1971). All the analyses were performed in triplicate.
2.3. Film preparation
The amaranth ﬂour ﬁlms were prepared by the methodology
proposed by Tapia-Blácido et al. (2005). A 4 g/100 g suspension of
the ﬂour in water was homogenized in a mixer for 25 min, and the
pH was regulated to 10.7 using NaOH (0.1 mol equi/L) to dissolve
the protein. This suspension was then heated (Tp: 73, 75, 80, 85, or
87 C) for 15 min, and glycerol (Cg: 19.5, 22, 28, 34, or 36.5 g
glycerol/100 g ﬂour) or sorbitol (Cs: 26, 30, 40, 50, or 54 g sorbitol/
100 g ﬂour) was ﬁnally added as plasticizer (Tables 1 and 2). It was
necessary to use larger amounts of Cs, compared to Cg, so that the
ﬁlms could be easily removed from the plates.Table 1
Mechanical properties and solubility of amaranth ﬂour ﬁlm plasticized with glycerol acc
Test Cga (X1)b Tp (X2) PFc(N) PD (%)
1 22 (1) 75 (1) 2.5  0.3 17.4  0.7
2 22 (1) 85 (þ1) 3.3  0.1 10.3  1.4
3 34 (þ1) 75 (1) 0.5  0.1 27.6  1.5
4 34 (þ1) 85 (þ1) 0.8  0.1 28.1  2.2
5 19.5 (1.414) 80 (0) 4.8  0.2 3.3  0.1
6 36.5 (þ1.414) 80 (0) 0.6  0.0 27.4  0.5
7 28 (0) 73 (1.414) 1.1  0.1 23.7  0.4
8 28 (0) 87 (þ1.414) 1.8  0.1 16.4  0.3
9 28 (0) 80 (0) 1.4  0.2 22.1  2.6
10 28 (0) 80 (0) 1.4  0.1 22.7  1.5
11 28 (0) 80 (0) 1.4  0.1 22.3  1.1
a Cg (g glycerol/100 g ﬂour), Tp (C).
b Independent variables values (the values between brackets are the coded variables)
c Puncture force (PF), puncture deformation (PD), tensile strength (TS), elongation atFor each ﬁlm, 85  3 g of the solution were poured onto acrylic
plates (18  21 cm), to obtain a constant thickness of 80  5 mm
(average of 20measurements). The ﬁlmswere dried at 40 C and 55%
RH in an oven with air circulation, controlled temperature, and rela-
tive humidity system (model MA 415UR, Marconi, Piracicaba, Brazil).
Prior to characterization, all theﬁlmswere preconditioned for at least
48 h in desiccators containing a saturated NaBr solution (58% RH).
2.4. Mechanical properties
The mechanical tests were performed using a texture analyzer
TA.XT2i (SMS, Surrey, England). The force (PF) and deformation
(PD) in puncture tests were determined according to the method-
ology of Gontard et al. (1994), while the tensile strength (TS) and
elongation at break (E) were obtained according to the ASTMD882-
95 method (ASTM, 1995). The Young’s modulus (YM) was calcu-
lated as the inclination of the initial linear portion of the stress
versus strain curve using the software Texture Expert V.1.22 (SMS).
Five measurements were accomplished for each mechanical test.
2.5. Solubility in water and water content
The solubility in water was calculated as the percentage of dry
matter of the solubilized ﬁlm after immersion for 24 h in water at
25C  2 C (Gontard, Guilbert, & Cuq, 1992). Discs of ﬁlm (2 cm
diameter) were cut, weighed, immersed in 50 mL of distilled water,
and slowly and periodically agitated. The amount of dry matter in
the initial and ﬁnal samples was determined by drying the samples
at 105 C for 24 h. The water content of the ﬁlms was also deter-
mined by drying the materials in an oven at 105 C for 24 h.
Analyses were carried out in triplicate.
2.6. Barrier properties of the ﬁlms
The water vapor permeability (WVP) test was performed at
25 C  2 C in duplicate, using a modiﬁed ASTM E96-95 (ASTM,
1995) method. Oxygen permeability (OP) was determined at
25 C  2 C and atmospheric pressure in duplicate, according to
the ASTM D3985-81 (ASTM, 1989) method using an OX-TRAN 2/20,
Mocon, Inc. (Minneapolis, MN, USA).
2.7. Water sorption isotherms
The ﬁlm samples were transferred to vacuum chambers con-
taining silica, for complete drying. Next, ﬁlm specimens (approxi-
mately 500 mg), in triplicate, were placed in hermetic chambers
containingoversaturated salt solutions of LiCl (aw0.111),MgCl2$6H2O
(aw 0.328), K2CO3 (aw 0.432), NaBr (aw 0.577), NaNO2 (aw 0.642), NaClording to the full-factorial design 22 central composite design.
TS(MPa) E (%) YM(MPa) S (g/100 g)
1.2  0.2 78.4  6.4 6.7  1.7 47.3  0.2
2.8  0.2 35.8  1.1 88.0  3.1 77.1  1.7
0.2  0.1 102.8  5.1 0.8  0.5 35.3  0.6
0.4  0.2 92.7  1.2 1.1  0.3 45.1  0.4
4.4  1.2 4.26  0.7 123.8  5.8 60.1  1.2
0.4  0.1 94.9  14.3 0.9  0.1 52.0  0.4
0.6  0.0 87.9  8.1 1.5  0.4 33.9  1.4
1.9  0.2 67.2  7.8 35.4  0.5 64.0  0.9
1.1  0.2 78.7  6.2 10.1  0.8 55.4  0.8
1.2  0.1 78.8  5.7 11.0  1.1 53.4  1.8
1.2  0.1 78.7  7.7 10.5  1.0 55.1  1.2
.
break (E), Young’s modulus (YM), solubility (S).
Table 2
Mechanical properties and solubility of amaranth ﬂour ﬁlm plasticized with sorbitol according to the full-factorial design 22 central composite designs.
Test Cs (X1)a Tp (X2) PF(N) PD (%) TS(MPa) E (%) YM(MPa) S (g/100 g)
1 30 (1) 75 (1) 5.2  0.3 5.1  0.3 4.8  0.5 26.7  7.2 173.5  7.2 41.9  0.1
2 30 (1) 85 (þ1) 6.6  0.1 3.1  0.2 7.3  0.8 3.3  0.4 336.3  5.2 78.9  2.5
3 50 (þ1) 75 (1) 2.0  0.1 24.2  0.7 0.9  0.3 77.2  2.4 6.5  0.6 73.8  0.2
4 50 (þ1) 85 (þ1) 2.2  0.3 19.5  1.1 1.5  0.1 83.4  7.9 12.4  1.0 89.1  0.4
5 25.9 (1.414) 80 (0) 7.6  0.4 1.9  0.1 9.5  1.1 2.2  0.4 468.0  4.0 72.6  1.3
6 54.1 (þ1.414) 80 (0) 1.6  0.1 23.3  0.8 0.9  0.1 84.5  2.9 4.8  0.1 85.7  1.9
7 40 (0) 73 (1.414) 3.8  0.1 12.5  0.5 1.5  0.2 65.3  5.2 19.6  1.0 63.8  1.4
8 40 (0) 87 (þ1.414) 4.4  0.2 8.3  0.9 3.9  0.3 42.8  8.7 94.7  1.6 80.6  0.2
9 40 (0) 80 (0) 3.8  0.3 13.0  0.3 3.0  0.1 54.4  2.9 68.9  1.0 68.6  1.2
10 40 (0) 80 (0) 3.5  0.5 13.6  0.8 2.9  0.1 65.8  4.3 60.5  1.9 67.1  2.2
11 40 (0) 80 (0) 3.8  0.3 13.3  2.2 3.2  0.2 57.2  4.6 60.5  1.8 68.3  1.1
Independent variables values (the values between brackets are the coded variables).
Puncture force (PF), puncture deformation (PD), tensile strength (TS), elongation at break (E), Young’s modulus (YM), solubility (S).
a Cs (g sorbitol/100 g ﬂour), Tp (C).
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which was the time period required for equilibrium to be reached.
The equilibrium moisture content was determined by drying the
samples to constant weight in a vacuum oven at 70 C. The
GuggenheimeAndersoneDe Boer (GAB) model was used to repre-
sent the experimental equilibrium data. The GAB model follows the
formula (Phan, Debeaufort, Luu, & Voilley, 2005):
M ¼ mo,C,K,awð1 K,awÞ,ð1 K,aw þ C,K,awÞ (1)
whereM is the equilibrium moisture content (g water/g dry solids)
at a water activity (aw), mo is the monolayer value (g water/g dry
solids), and C and K are the GAB constants.
2.8. Dynamic mechanical analysis (DMA)
The glass transitions of the amaranth ﬂour ﬁlms were studied
using a DMA TA 2980 equipment (TA Instruments, New Castle, DE,
USA) working in the uniaxial tension mode. The samples were
heated at 3 C/min between 110 to 120 C and 80 to 120 C for
ﬁlms plasticized with glycerol and sorbitol, respectively. The
measurements of the storage modulus (E0), loss modulus (E00), and
angle of loss (tan d) were registered and plotted against the
temperature for the analysis of the thermal transitions. The tran-
sition temperature was determined at the point of inﬂection of the
curve of the angle of loss (tan d) as a function of temperature
(Cherian, Gennadios, Weller, & Chinachoti, 1995).
2.9. Transmission electron microscopy (TEM)
Small pieces of ﬁlms (4 mm long  4 mmwide) were prepared
by ﬁxation in 20 mL/L glutaraldehyde and post-ﬁxed in 20 g/L
OsO4. Next samples were dehydrated for 15 min in an ethanol
series (30, 50, 70, 90mL/100mL), three times for 15min at 99.5mL/
100mL, and twice for 20 min in propylene oxide. The samples were
then embedded in increasing concentrations of propylene oxide:
resin (2:1, 1:1, and 1:2) for 1 h, and for 48 h in pure resin (Embed
112). The polymerization of the resin subsequently proceeded at
60 C for 48 h. The embedded samples were sectioned inw70 nm
thick slices using a diamond knife. The sections were transferred to
supported gold grids and stained with uranyl acetate and Pb-
citrate. The samples were observed under a Carl-Zeiss Model
LEO906 transmission electron microscope.
2.10. Experimental design
The surface-responsemethodologywas used to study the effect of
the plasticizer concentration (Cg or Cs) and process temperature (Tp)on dependent variables (mechanical properties and solubility). The
levelsof the independent variablesweredeﬁnedaccording toa22 full-
factorial central compositedesign (starconﬁguration) (Tables1and2).
An analysis of variance (ANOVA), a multiple comparison test,
and all statistical analyses were performed using the Statistica 6.0
software. The data were ﬁtted to a second order equation (Eq. (2))
as a function of the independent variables.
Yi ¼ b0 þ b1X1 þ b2X2 þ b12X1X2 þ b11X11 þ b22X22 (2)
where bn are constant regression coefﬁcients, Yi are dependent
variables (puncture force (PF), puncture deformation (PD), tensile
strength (TS), elongation at break (E), Young’s modulus (YM), and
solubility (S)), and X1 and X2 are the coded independent variables
(plasticizer concentration and process temperature, respectively).
After the surface-response results, were obtained, optimization
of the process conditionswas carried out bymulti-response analysis
(Derringer & Suich, 1980). This method involves the transformation
of response variables (Yi) to an individual function of dimensionless
desirability (gi) (Eq. (4)), ranging from 0 (undesirable response) to 1
(desired response). From the geometricmeans of individual desires,
the overall desirability function (G) (Eq. (3)) is obtained. Gwas later
maximized using the software Mathematic 5.0.
G ¼

gn11 ; g
n2
2 ;..; g
nk
k
1=k
(3)
where:
gi ¼
Yi  Ymin
Ymax  Ymin
(4)
where Ymin is the responseminimumvalue and Ymax is the response
maximum value, k is the number of considered responses, and ni is
the weight of each response.
In the case of solubility, Eq. (4) had to be redesigned, so that the
minimum values for these responses could be obtained (Eq. (5)).
gi ¼
Ymax  Yi
Ymax  Ymin
(5)
Finally, the Tukey’s test was applied at a 5% signiﬁcance level to
compare means for mechanical, solubility, moisture content,
barrier properties, and GAB parameters of glycerol and sorbitol
ﬁlms prepared using the optimal formulation.
3. Results and discussion
3.1. Chemical composition of the amaranth ﬂour
The amaranth ﬂour contains 9.0  0.4 g/100 g moisture,
2.1  0.0 g/100 g ash, 7.9  0.2 g/100 g lipids, 14.1  0.3 g/100 g
Fig. 1. Solubility of amaranth ﬂour ﬁlms as a function of plasticizer concentration and
process temperature. (a) Glycerol, (b) Sorbitol.
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g/100 g was amylose) (dry basis).
3.2. Full experimental design
According to the analysis of variance (ANOVA), the models
calculated for the puncture force (PF), puncture deformation (PD),
tensile strength (TS), elongation at break (E), and Young’s modulus
(YM) of ﬂour ﬁlms plasticized with glycerol (Eqs. (6)e(10)) and
sorbitol (Eqs. (11)e(15)) were statistically signiﬁcant and predictive
at a conﬁdence level of 95% (P < 0.05), with F values greater than
the critical values.
3.2.1. For glycerol ﬁlms
PF ¼ 1:41 1:30X1 þ 0:56X21 þ 0:24X2  0:058X22
 0:10X1X2

R2 ¼ 0:97

(6)
PD ¼ 22:02þ 7:76X1  2:61X21  2:10X2
þ 1:89X1X2

R2 ¼ 0:95

(7)
TS ¼ 1:17 1:12X1 þ 0:45X21 þ 0:48X2  0:10X22
 0:36X1X2

R2 ¼ 0:90

(8)
E ¼ 78:73þ 26:18X1  11:11X21  10:26X2 þ 2:88X22
þ 8:11X1X2

R2 ¼ 0:94

(9)
YM ¼ 10:46 33:33X1 þ 21:87X21 þ 16:18X2
 20:23X1X2

R2 ¼ 0:91

(10)
For sorbitol ﬁlms
PF ¼ 3:81 2:00X1  0:33X21 þ 0:31X2

R2 ¼ 0:98

(11)
PD ¼ 13:32þ 8:23X1  1:58X2 þ 1:10X22
 0:66X1X2

R2 ¼ 0:98

(12)
TS ¼ 2:80 2:70X1 þ 1:09X21 þ 0:80X2
 0:47XlX2

R2 ¼ 0:98

(13)
E ¼ 56:52þ 30:87X1  7:33X21  6:11X2
þ 7:39X1X2

R2 ¼ 0:95

(14)
YM ¼ 60:91 7:57X1 þ 7:93X21 þ 9:51X2 þ 4:46X22
 5:42X1X2

R2 ¼ 0:98

(15)
The effect of plasticizer concentration (X1) on PF (Eqs. 6, 11) has
inverse behavior compared to PD (Eqs. (7) and (12)), independent
of the plasticizer type. The puncture force decreases with rising
plasticizer concentration, while the puncture deformation
increases. Thus, high plasticizer concentration leads to formation of
more ﬂexible and less resistant ﬁlms. On the other hand, the effect
of process temperature (X2) on PF and PD is almost negligible in
both cases.The TS and E are also affected by the plasticizer concentration
mainly (Eqs. (8), (9), (13), and (14)). The effect of process temper-
ature on these values is only evident at low plasticizer concentra-
tions. Thus, values of Cg ranging from 19.5 to 22 g glycerol/100 g
ﬂour and higher Tp values (82e87 C) yield tougher ﬁlms
(3e5 MPa) (Table 1). These results are in contrast with data
obtained for ﬂour ﬁlms from the species A. caudatus plasticized
with glycerol (Tapia-Blácido et al., 2005). In these ﬁlms, lower Tp
values (76e82 C) and lower Cg values (21.6 g glycerol/100 g ﬂour)
furnished a higher tensile strength value (w3 MPa). As for the ﬁlms
plasticized with sorbitol, values of Cs ranging from 25.9 to 28 g
sorbitol/100 g ﬂour and Tp between 85 and 87 C result in tougher
ﬁlms (9e11 MPa) (Table 2). A similar behavior can be detected for
the measured Young’s modulus values (Eqs. (10) and (15)). It is
worth mentioning that the PD and E values obtained in this work
revealed that the amaranth ﬂour ﬁlms are more sensitive to Cg
compared with Cs, demonstrating that glycerol is a more powerful
plasticizer. The difference in the plasticizing powers of glycerol and
sorbitol could be related to molecular mass and hydrophilicity.
Compared to sorbitol, glycerol has lower molecular mass (glycerol
92 mol/g and sorbitol 182 mol/g) and is more hydrophilic, so it is
a more effective plasticizer for many edible ﬁlms. The hygroscop-
icity of sorbitol is low due to its ability to crystallize at room
temperature and high relative humidity (Talja et al., 2007).
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of ﬂour ﬁlms plasticized with glycerol and sorbitol (Eqs. (16) and
(17)) indicates that the model is statistically signiﬁcant (P < 0.05),
with F values greater than the listed values.
For glycerol ﬁlms
S ¼ 54:61 7:42X1 þ 8:46X2  2:05X22
 5:099X1X2

R2 ¼ 0:91

(16)
For sorbitol ﬁlms
S ¼ 60:91þ 7:57X1 þ 7:93X21 þ 9:51X2 þ 4:46X22
 5:42X1X2

R2 ¼ 0:98

(17)
Tp (X2) has a greater inﬂuence on the solubility of the ﬂour ﬁlms,
regardless of the plasticizer type (Fig. 1). However, it is noteworthy
that the solubility response surface of ﬂour ﬁlms plasticized with
sorbitol has a minimum region (Fig. 1b), while this does not occur for
ﬁlms plasticized with glycerol (Fig. 1a). In the latter case, lower solu-
bility values had already been achieved (20e30 g/100 g) at temper-
aturesbelow76 C throughout thestudiedCgrange (Fig.1a).However,G ¼
2
4 0:6667 1:118X1 þ 0:45X21 þ 0:48X2  0:10X22  0:35X1X2
3:9
!3

 
74:73þ 26:18X1  11:11X21  10:26X2 þ 2:88X22 þ 8:10X1X2
98
!1

 
23þ 7:42X1  8:46X2 þ 2:05X22 þ 5:10X1X2
43
!3351=3 (18)
For sorbitol ﬁlms
G ¼
2
4 0:998 2:70X1 þ 1:09X21 þ 0:80X2  0:47X1X2
9:5
!3

 
54:52þ 30:86X1  7:33X21  6:11X2 þ 7:39X1X2
82
!1

 
29:91 7:57X1  7:93X21  9:52X2  4:46X22 þ 5:41X1X2
48
!3351=3 (19)low Cg values and high Tp values (82e87 C) yieldmore soluble ﬁlms
(60e80 g/100 g). Tapia-Blácido et al. (2005) had observed a different
trend in the case of amaranth ﬂour ﬁlms from the species A. caudatus
plasticized with glycerol. Such ﬁlms exhibited a region of minimum
solubility value in a wide range of Cg (22e35 g glycerol/100 g ﬂour)
and at high Tp values (76e85 C). As mentioned above, the solubility
response surface of ﬂour ﬁlms plasticized with sorbitol presents
a minimum region deﬁned at intermediate Cs values (30e40 g
sorbitol/100 g ﬂour) and low Tp values (73e78 C). Higher Tp values
produce more soluble ﬁlms, as in the case of ﬁlms plasticized with
glycerol. TheDSC thermograms previously recorded for the amaranth
ﬂour from the species A. cruentus BRS Alegria revealed that the onset
temperature, peak temperature, and conclusion temperature values
of starch gelatinizationwere 71.3 C, 75.8 C, and 91.3 C, respectively
(Tapia-Blácido et al., 2010). In addition, these same authors had
observed that fractions of globulin and glutelin were denatured at
74 C, while other protein fractions of albumin-2, globulin, and glu-
telin were denatured at higher temperatures (91 C). These facts can
explainwhyﬂourﬁlmsare lesssolubleat lower temperaturesandgive
evidence that partial gelatinization and partial denaturation of
proteins facilitate the production of less soluble ﬁlms.On the basis of these observations, it can be stated that the
processes of gelatinization and protein denaturation of amaranth
ﬂour are responsible for the structural conformation of the ﬁlms,
which is the result of the interactions established between the
chains of amylose, amylopectin, lipids, proteins, and plasticizer.
3.3. Determination of the optimum conditions and validation of the
optimization methodology
The desirability function (G) was formulated from the models
calculated for TS, E, and S for the ﬂour ﬁlms plasticized with glycerol
(Eqs. (8), (9), and (16)) and sorbitol (Eqs. (13), (14), and (17)). The
minimum and maximum values of each response variable were
extracted from the experimental results obtained by means of the
experimental design, as presented in Tables 1 and 2. The gi function
was obtained by considering these minimum and maximum values.
The optimization was performed in order to achieve ﬁlms with
higher resistance tobreak,moderate elongation, and lower solubility.
So the weight of gi functions for elongation was reduced and the
weight for TS andSwas increased. Thus, the gi functions for TS, E, and
S were assigned weights 3, 1, and 3, respectively (Eqs. (18) and (19)):
For glycerol ﬁlmsOptimization of the desirability function (G) for ﬂour ﬁlms
plasticized with glycerol and sorbitol shows that ﬁlms with
greater resistant to break, moderate elongation, and lower
solubility can be obtained at Cg, Cs, and Tp values of 20.02 g
glycerol/100 g ﬂour, 29.6 g sorbitol/100 g ﬂour, and 75 C,
respectively.
To validate the optimization methodology employed in this
work, amaranth ﬂour ﬁlms plasticized with glycerol and sorbitol
were prepared using the optimal formulation. TS, E, and S of the
ﬂour ﬁlms were measured and compared with values predicted by
Eqs. (8), (9), and (10) for the ﬁlms plasticized with glycerol, and by
Eqs. (13), (14), and (17) for the ﬁlms plasticized with sorbitol. The
values of relative deviations revealed good correlation between the
predicted and experimental values (Table 3).
3.4. Characterization of the optimized ﬁlms
Films prepared with the optimal formulation were character-
ized with respect to solubility as well as mechanical, barrier, and
thermal properties; water sorption isotherms; and microstructure.
Results are summarized in Table 4.
Table 3
Predicted and experimental values of responses at optimum conditions.
Glycerol Sorbitol
TSa (MPa) E (%) S (g/100 g) TS (MPa) E (%) S(g/100 g)
Predicted 2.3 48.2 47.2 5.5 30.3 50.9
Experimental 2.1 51.9 41.9 6.7 28.2 50.8
RDb (%) 9.5 7.1 12.6 17.9 7.4 0.2
a Tensile strength (TS), elongation at break (E) and solubility (S) of amaranth ﬂour
ﬁlms.
b Relative deviation (RD): [(experimental value-predicted value)/experimental
value]  100.
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Tukey’s test demonstrated that the amaranth ﬂour ﬁlms plas-
ticized with glycerol and sorbitol differs signiﬁcantly in terms of
moisture content and solubility (P < 0.05). Glycerol ﬁlms display
higher moisture content after conditioning (58% RH, 48 h),
compared to sorbitol ﬁlms with large sorbitol content. This indi-
cates that glycerol acts as a water-holding agent, while sorbitol acts
as a plasticizer with minimum contribution from water molecules.
It had been reported that the moisture content of pea starch ﬁlms
also changed little after conditioning when sorbitol was the plas-
ticizer, while addition of glycerol to the latter ﬁlms promoted
a 2e4.5 fold increase in moisture content (Zhan & Han, 2006).
Although glycerol enhances the hydrophilicity of ﬂour ﬁlms,
thus increasing their afﬁnity for water molecules, glycerol ﬁlms are
not readily solubilized in the presence of water, but remain intact
even after 24 h. On the other hand, ﬁlms plasticized with sorbitol
are more soluble (Table 4), indicating that these two polyols
interact with the polymers present in the amaranth ﬂour in
different ways.
3.4.2. Mechanical properties
As shown in Table 4, the PF, PD, TS, E, and YM values of the
amaranth ﬂour ﬁlms plasticized with glycerol and sorbitol are
signiﬁcantly different (P < 0.05). The amaranth ﬂour ﬁlm plasti-
cized with glycerol exhibits lower PF, TS, and YM values comparedTable 4
Properties of optimized amaranth ﬂour ﬁlms plasticized with glycerol and sorbitol.
Properties Glycerol Sorbitol
Moisture content
(g/100 g d b)
13.78  0.50a 9.05  0.25b
Solubility (g/100 g) 41.9  2.4b 50.8  4.4a
Puncture force (N) 4.1  0.4b 6.7  0.4a
Puncture deformation (%) 4.9  0.8a 2.8  0.3b
Tensile strength (MPa) 2.1  0.3b 6.7  0.9a
Elongation (%) 51.9  3.6a 28.2  1.2a
Young modulus (MPa) 252.0  12.4b 383.0  15.3a
WVP (g m1s1 Pa1) (3.8  0.22)
 1010a
(3.1  0.20)
 1010a
Oxygen permeability
(cm3 mm m2 d1 kPa1)
22.0  0.7a 13.5  1.8b
Thickness (mm) 0.080  0.08a 0.078  0.06a
Glass transition
temperature (C):
Tg1 41.6  2.5b 3.8  4.1a
Tg2 38.6  1.7b 41.5  2.3a
GAB parameters:
mo (g/g dry solids) 0.071a 0.048b
C 20.64 14.46
K 0.95 0.99
Average  standard deviation. Different letters (a to b) denote signiﬁcant difference
(P < 0.05) between averages obtained by Tukey’s test. WVP ¼ water vapor
permeability, mo ¼ moisture content of the monolayer, C and K ¼ constants.to sorbitol, although the concentration of glycerol is lower. On the
other hand, the PD and E values obtained for the amaranth ﬂour
ﬁlm plasticized with glycerol are higher compared to the ﬁlm
plasticized with sorbitol. This conﬁrms the stronger plasticizing
effect of glycerol, since the ﬂour ﬁlms plasticized with glycerol are
less resistant, but more ﬂexible.
3.4.3. Thermomechanical properties of the ﬁlms
Table 4 lists the glass transition temperatures obtained by DMA
for the amaranth ﬂour ﬁlms prepared with the optimized formu-
lation using glycerol or sorbitol as plasticizer. In DMA studies, the
glass transition temperature (Tg) is generally associated with the
tan d peak position observed in the DMA spectra (Mendieta-
Taboada, Sobral, Carvalho, & Habitante, 2008). Two peaks can be
observed in the tan d spectra (ﬁgure not shown) of the ﬂour ﬁlms
plasticized with glycerol and sorbitol. The ﬁrst peak occurs at lower
temperatures for the glycerol ﬁlm (41.6 C) compared to the
sorbitol ﬁlm (3.8 C). Because the ﬁrst glass transition tempera-
ture (Tg1) is detected at temperatures below 0 C, it could be
related to a phase separation of a plasticizer-rich fraction (poly-
mereglycerol or polymeresorbitol), as reported by some authors in
the case of biodegradable ﬁlms (Sobral, Monterrey-Quintero, &
Habitante, 2002; Tapia-Blácido et al., 2007). The second peak (Tg2)
is located at 38.6 C and 41.5 C for the glycerol and sorbitol ﬁlms,
respectively. These much higher temperatures are associated with
the starch protein-rich fraction.
The higher Tg values obtained for the sorbitol ﬁlms compared to
the glycerol ﬁlms, indicate structural difference between the
materials, and suggesting that interactions between the biopoly-
mers (starch and protein) and sorbitol in the ﬁlm matrix are more
thermally stable than those established in the presence of glycerol.
Moreover, the interactions between the biopolymers in the pres-
ence of sorbitol promote a more orderly and crystalline structure,
being more resistant and less elongable at room temperature
compared with glycerol ﬁlms, hence their higher Tg2 value. This
agrees with the mechanical properties observed for the ﬁlms.
3.4.4. Water sorption isotherms
Fig. 2 corresponds to the water sorption isotherms for the
amaranth ﬂour ﬁlms plasticized with glycerol and sorbitol inves-
tigated here. The water sorption curves of both types of ﬁlms are
sigmoid in shape, revealing a slower increase in equilibrium
moisture content till aw 0.6; thereafter which a steep rise in
moisture content can be observed, which is associated withFig. 2. Effect of plasticizer on sorption isotherms for amaranth ﬂour ﬁlms at 25 C
(- Glycerol, : Sorbitol). The lines were derived from the GAB equation.
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However, for all aw values, the ﬁlms preparedwith glycerol were
more hygroscopic compared to those prepared with sorbitol. This
observation conﬁrms the higher afﬁnity of glycerol for water, which
promotes greater plasticizing effect. This is due to the contribution
of water to the plasticizing of the amaranth ﬂour ﬁlm in the pres-
ence of glycerol.
As can be seen in Fig. 2, the experimental data are well ﬁtted by
the GAB model. The monolayer water content value (mo) of the
plasticizer types are signiﬁcantly different (P < 0.05). This value is
higher for glycerol ﬁlms (0.0712 g water/g dry solids) compared to
the sorbitol ﬁlms (0.0482 g water/g dry solids). This result suggests
that the hydrophilic groups of the starch and protein present in the
amaranth ﬂour are less available for interaction with water mole-
cules in the presence of sorbitol. The water molecules, in turn, may
be linked to sorbitol, forming the ﬁlm matrix. This evidences that
sorbitol has greater compatibility with the polymers present in the
ﬂour, thereby strongly interacting with these macromolecules.
Moreover, the mo values found in this study are in agreement withFig. 3. TEM micrographs at 12730 magniﬁcation of amaranth ﬂour ﬁlms plasticized
with (a) Glycerol and (b) Sorbitol.literature values reported for cassava starch ﬁlms using glycerol and
sorbitol as plasticizers (Mali, Sakanaka, Yamashita, & Grossmann,
2005; Müller, Yamashita, & Borges-Laurindo, 2008).
3.4.5. Barrier properties of amaranth ﬁlms
As shown in Table 4, there are no signiﬁcant differences
(P > 0.05) between glycerol and sorbitol ﬁlms in terms of water
vapor permeability, while the oxygen permeability (OP) is signiﬁ-
cantly different (P < 0.05). Sorbitol ﬁlms display lower oxygen
permeability compared to glycerol ﬁlms. In the case of the whey
protein ﬁlm, it has also been observed that the ﬁlms prepared with
sorbitol were less permeable to oxygen than the ﬁlms prepared
with glycerol, even at higher sorbitol concentrations (McHugh &
Krochta, 1994). These results reveal that a less dense and more
disorganized polymeric matrix is formed in the presence of glyc-
erol, allowing for greater oxygen diffusion through the ﬁlm.
3.4.6. Microstructure of the ﬁlms
The microstructures of the glycerol and sorbitol ﬁlms analyzed
by TEM are presented in Fig. 3. Both ﬁlms present porous internal
microstructure. These pores probably constitute plasticization
zones distributed within the ﬁlm matrix. The microstructure of the
ﬂour ﬁlms also reveals that the protein forms aggregates (black
structure), which interacts with the lipid globules within a contin-
uous and more dense matrix formed by the starch (gray structure).
It is also noteworthy that the size of lipids globules is more
homogeneous and better distributed within the ﬁlm matrix in the
presence of sorbitol (Fig. 3b). Thus, the amaranth ﬂour ﬁlm plasti-
cized with sorbitol presents a more ordered and homogeneous
structure compared to the ﬁlms plasticized with glycerol (Fig. 3a),
leading to ﬁlms with lower oxygen permeability and mechanical
strength.
4. Conclusion
The optimal formulations for the production of amaranth ﬂour
ﬁlms with good mechanical properties and low solubility were Cg
20.02 g glycerol/100 g ﬂour and Tp 75 C for glycerol ﬁlms, and Cs
29.5 g sorbitol/100 g ﬂour and Tp 75 C for sorbitol ﬁlms. The
optimization methodology employed in this study demonstrates
good correlation between predicted and experimental values. The
amaranth ﬂour ﬁlms prepared with the optimal formulation using
sorbitol as plasticizer were less hygroscopic, more resistant to
break, less elongable, and less permeable to oxygen, due to
formation of a more homogeneous and ordered structure in the
presence of sorbitol. Therefore, sorbitol can be considered the most
suitable plasticizer for amaranth ﬂour ﬁlms from the species A.
cruentus BRS Alegria, since it is largely miscible with the biopoly-
mers present in the ﬂour and has lower afﬁnity for water.
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